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[57] ABSTRACT

An improved optical isolator of the type having an input
optical fiber, a first GRIN lens, a first polarizer, a optical
rotator, a second polarizer, a second GRIN lens and an
output optical fiber. Lithium niobate birefringent crystals are
used for lowered costs and high performance. Improvements
also include polishing the end of the input optical fiber at a
slant and covering the end with a window coated with
antireflection material. The surface of the GRIN lens facing
the end of the input optical fiber is slant-polished recipro-
cally and spaced apart with gap which avoids Fabry-Perot

interference.

35 Claims, 1 Drawing Sheet
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1
OPTICAL ISOLATOR

Matter enclosed in heavy brackets [ ] appears in the
original patent but forms no part of this reissue specifi-
cation; matter printed in italics indicates the additions
made by reissuve.

BACKGROUND OF THE INVENTION

The present invention relates to optical fiber technology
and, more particularly, to optical isolators useful in blocking
reflections of optical signals generated by a laser through an
optical fiber,

In present day optical fiber technology, semiconductor
lasers are typically used w generate and relay light signals on
optical fibers. These lasers are particularly susceptible to
light signal reflections. which cause a laser to become
unstable and noisy. Optical isolators are used to block these
reflected signals from reaching the laser. Ideally, these
optical isolators transmit all of the light signals in the
forward direction and block all of the signals in the reverse
direction.

Of course, optical isolators do not attain ideal perfor-
mance levels and improvements are constantly sought for.
Furthermore, optical fiber technology have an inherent large
bandwidth which has encouraged the spread of optical fiber
networks. However, one factor which has slowed the use of
optical fiber technology has been costs, including those for
optical isolators. With an optical isolator generally required
for each laser generating signals on an optical fiber, it 1s
highly desirable that the cost of the optical isolators be
lowered as much as possible.

The present invention solves or substantially mitigates
these problem by offering an optical isolator having higher
performance with lower costs.

SUMMARY OF THE INVENTION

The present invention provides for an improved optical
isolator for optical fibers. The isolator has a first sleeve for
holding a first optical fiber, a first GRIN (Graded Index)
lens, a first polarizer, an optical rotator, a second polarizer,
a second GRIN lens and a second sleeve for holding a
second optical fiber. At least one of said polarizers comprises
a birefringent crystal of lithium niobate, which provides
optical performances at least equal to birefringent crystals
being used in optical isolators and which is far less expen-
sive.

Furthermore, the present invention provides for GRIN
lenses of optimized pitch length for superior optical perfor-
mance than present optical isolators. Still another aspect of
the present invention is placement of a window over the
stanted end of the input optical fiber. The window is coated
with antireflection material to reduce transmission loss.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a representative cross-sectional diagram of an
optical isolator of a type presently in use;

FIG. 2 illustrates an arrangement of an input fiber and
GRIN lens according to the present invention;

FIG. 3 is a detailed view of a GRIN lens of the optical
isolator of FIG. 1; and

FIG. 4 illustrates an arrangement of a double-stage optical
isolator according to the present invention.

DESCRIPTION OF THE PREFERRED
EMBODIMENT

FIG. 1is a cross-sectional view of a representative optical
isolator of a type presently being used. 'The optical isolator
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is placed in the path of an optical fiber, here shown as an
input fiber 17 and an output fiber 18, to transmit light signals
from the input fiber 17 to the output fiber 18 and to block
light signals from the output fiber 18 to the input fiber 17.

The optical isolator has a glass ferrule 10 into which the
input fiber 17 is inserted. The ferrule 10 helps align the fiber
17. Signals from the end of the input fiber 17 are transmitted
by a first GRIN (Graded Index) lens 11 which collimates the
light from the end of the fiber 17. The collimated light from
the GRIN lens 11 is then passed through a polarizer 12 in the
form of a birefringent crystal wedge. The polarizer 12
separates the incident light from the GRIN lens 11 into a ray
polarized along the crystal’s optical axis, ordinary ray. and
a second ray polarized perpendicularly to the optical axis.
extraordinary ray.

Separation occurs because the birefringent crystal has two
indexes of refraction, one for the light polarized along the
optical axis and another for the light polarized perpendicu-
larly to the optical axis. The light from the polarizer 12 is
then rotated by a Faraday rotator 13 which rotates the
polarized light by 45°. The rotator 13 is typically formed
from garnet doped with impurities or, alternatively. YIG.
placed in a permanent magnet.

The rotated light is then recombined by a second polarizer
14. sometimes called an analyzer. Like the polarizer 12, the
second polarizer 14 is formed by a birefringent crystal
wedge. The optical axis of this birefringent crystal is ori-
ented 45° with respect to the optical axis of the first polarizer
12. Thus the ordinary ray from the first polarizer 12 is also
the ordinary ray of the second polarizer 14 and the extraor-
dinary ray from the first polarizer 12 is the extraordinary ray
of the second polarizer 14. The net result is that after
traveling from the first polarizer 12 through the second
polarizer 14, the two collimated rays are negligibly dis-
placed from each other. The two rays are then combined and
refocused by a second GRIN lens 15 to a point on the end
of the output fiber 18. Again, the end of the output fiber 18

is aligned by a glass ferrule 16.

In the reverse direction, light from the output fiber 18 1s
separated by the polarizer 14 into two, an ordinary ray
polarized along the optical axis of the polarizer 14, and an
extraordinary ray polarized perpendicularly to the optical
axis. When passing back through the Faraday rotator 13, the
light in both rays is rotated 45°. This rotation is nonrecip-
rocal with the rotation of light in the forward direction, so
that the ordinary ray from the second polarizer 14 is polar-
ized perpendicularly with the optical axis of the first polar-
izer 12 and the extraordinary ray from the second polarizer
14 is polarized with the optical axis of the first polarizer 12.
The ordinary and extraordinary rays from the second polar-
izer 14 have swapped places incident upon the first polarizer
12. Because of this exchange, the light, having passed

through the first polarizer 12, does not leave the polarizer 12
in parallel rays. The non-parallel light is focused by the
GRIN lens 11 at points which are not located at the end of
the input fiber 10. Thus light in the reverse direction is not
passed back into the input fiber 10. For a more detailed
explanation of this type of optical isolator, see. for example.
“Compact Optical Isolator for Fibers Using Birefringent
Wedges,” M. Shirasaki and K. Asamo, Applied Optics, Vol.
21. No. 23, December 1982, pp. 42964299,

A long-standing problem in the practical implementation
of optical fiber technology has been cost. In the manufacture
of the optical isolator discussed above, costs are high due not
only to the precision required in assembling the various
elements of the isolator, but also the costs of the elements
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themselves. One of the most expensive clements is the
birefringent crystal used for the polarizers 12 and 14.
Presently, the birefringent crystals are formed from rutile
(titanium dioxide), an expensive material with a very limited
number of sources worldwide. A somewhat less expensive
material which is sometimes used for the polarizing cle-
ments is calcite, which is still nonetheless expensive and has
less desirable mechanical and chemical characteristics com-
pared to that of rutile.

Despite these shortcomings in material costs and less than
ideal characteristics of the materials, the manufacture of
optical isolators has continued with rutile and calcite.

In the present invention. lithium niobate (LiNbQO;) is used
for the polarizing elements 12 and 14. Table I below
compares the propertics of rutile. calcite and lithium niobate.

TABLE I

Parameter Rutile Calcite LINbO,
Refractive Index (at A = (at A = (at A =

1.53 pm) 1.50 pm) 1.44 pum)
n, 2.709 1477 2.141
n, 2.451 1.635 2.215
Melting Temperature 1820 900 1253
(°C.)
Transmittance (%) 70 80-95 78
Thermal Expansion 7.14 x 107 54 x10% 75x10°°
Coeff. (/°C.)
Moh Hardness 6-6.5 3 5
Deliquescence None Weak None
Acidproof Strong Weak Strong
Relative Cost 20 5 1
Measured Insertion Loss 0.2 dB 0.1 dB
(2 polarizers)

Of immediate interest are the costs of rutile and calcite
compared to lithium niobate, here listed in arbitrary units.
Lithium niobate is much less expensive than two other
birefringent crystals. especially rutile.

Furthermore, lithium niobate has much better mechanical
and chemical properties than that of calcite, the cheaper of
the two birefringent crystals presently in use in optical
isolators. Lithium niobate’s thermal coeflicient of
expansion. which is close to that of rutile, makes lithium
niobate polarizers a better match with the other elements of
the optical isolator.

An important point is that lithium niobate is not deligues-
cent. On the other hand. calcite is weakly deliquescent. This
is potentially disastrous because optical isolators are placed
in many different environments, including environments
with moisture, over long periods of time. Optical perfor-
mance can be severely affected if the polarizers of an isolator
start dissolving even slightly.

Additionally, calcite is not acidproof which further
degrades its reliability as a material under actual conditions.

In terms of optical performance, lithium niobate has a
good separation in its indices of refraction, n, and n,.
Though being far less expensive than rutile, lithium niobate
has a higher transmittance, lower absorption losses, than
rutile.

Besides lithium niobate polarizers, the present invention
offers other improvements which enhance optical perfor-
mance. FIG. 2 illustrates the details of these improvements.
For purposes of explanation, many of the reference numerals
for the elements in the optical isolator in FIG. 1 are used for
the elements in FIG. 2. As explained previously, the input
fiber 17 is sealed in the glass ferrule 10. For improved
optical performance, the end of the ferrule 10 and the end of
the fiber 17 is slant-polished at an angle 8 so that the tip of

10

15

20

23

30

35

45

50

35

65

4

the fiber 17 does not end with a surface perpendicular to the
long axis, or direction of travel, of the incoming light
signals. A slight slant is made by polishing the end face 20
of the ferrule 17 (and the end of the glass ferrule 10) at a
slight angle 8, 8° to 12° from perpendicularity to the long
axis of the fiber 17. This is shown in exaggerated fashion in

FIG. 2.

The slant-polished end of the fiber 17 is covered by a
window clement 19 with an anti-reflection coating. The
element 19 is formed by a thin pane of glass of 250 yum
thickness. The glass, having an index of refraction of 1.46.
is coated with an anti-reflection material, such as MgF. The
thickness of the anti-reflection material can then be tested on
the pane. If the coating on the pane is satisfactory. the pane

is then diced into tiny windows 19 of 1.2 mmx1.2 mm
dimensions. One of the windows 19 1s mounted over the end
of the fiber 17 on the slant-faced end of the glass ferrule 10.
A clear epoxy such as Norland 62 from Norland Products,
Inc. of New Brunswick, N.J., may be used.

The face 21 of GRIN lens 11 facing the fiber 17 is also
reciprocally slant-polished at the angle 6 and GRIN lens 11
rotated so that the face 21 is aligned in a complementary
fashion with the end of the glass ferrule 10. As in the case
of the window 19 (and the input fiber 17), the slant-polished
face 21 and back face 22 of the GRIN lens 11 are also
anti-reflection coated over a sufficient spectral bandwidth to
reduce insertion loss, as well as to minimize reflections at
the surfaces. In fact, all faces of the elements of the optical
isolator receive anti-reflection coatings to minimize mis-
matching losses.

The ferrule 10 (and the fiber 17) is separated from the
GRIN lens 11 by a gap G. The gap. (5. should be sufficiently
large (>0.05 mm) in order to avoid undesired Fabry-Perot
type interference. Such interference is extremely tempera-
ture dependent and causes thermal instability over a wide
operational temperature range. It is important that such
interference be avoided.

In optical isolators heretofore, GRIN lens of %4 pitch
length have been used for the elements 11 and 15. FIG. 3
illustrates the idealized performance of the GRIN lens 11.
Light from the input fiber 17 strikes the GRIN lens front
surface 31 at a point 33. In the GRIN lens 11 the light is bent
by the graded index of the GRIN lens to leave the back
surface 32 supposedly collimated. However, it has been
found that using a GRIN lens of a length (.23 times the pitch
is more effective than a GRIN lens of a length (.25 times the
pitch.

Table II below shows the experimental results of the
optimum relationships between the angle 0, the gap G. and
the pitch of the GRIN lens 11:

TABLE O

6 G {mm)  Piich of GRIN Lens Performance

B* 1.10 0.18 Low Return Loss
(<-60 dB)
Low Insertion Loss*
(<035 dB)

10* 0.250 0.23 Low Return Loss
(<—65 dB)
Low Insertion Loss*
(<0.35 dB)

*Total msertion loss of two sets of slanted-polished GRIN lenses, fibers and
windows,

The reason for the discrepancy between the theoretically
predicted optimum GRIN lens of (.25 pitch and the actually
observed optimum GRIN lens of 0.23 pitch is believed to be
that, in practical terms, the light from a fiber does not appear
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as a true point source at the surface on the GRIN lens. This
appears to be true whether the GRIN lens front surface 31 is

flat or slanted.

This discrepancy illustrates the problems between theory
and the practical implementation of optical isolators. The
collimation of light from the fiber 17 depends upon many
factors, including the numeral aperture of the fiber 17, the
slant angle 0, the material (refractive index), thickness and
anti-reflection coating of the window 19, the gap G, and the
characteristics of the GRIN lens 11. Theoretical analysis and
computation may be calculated with formulas, such as given
in “Coupling Characteristics Between Single-Mode Fiber
and Square Law Medium,” R. Kishimoto and M. Koyama,
IEEE Transactions on Microwave Theory and Techniques,
June 1982, pp. 882-893. However, theory does not neces-
sarily lead to practical solutions.

The teachings of the angle 0, the gap G, the pitch of the
GRIN lens. and anti-reflection coated window according to
the present invention are also be applied to the output side
of the optical isolator to obtain maximum optical perfor-
mance. In other words, the GRIN lens 15, sleeve 16 and
output fiber 18 in FIG. 1 are modified in accordance with the
description with respect to FIGS. 2 and 3.

Another place where theory has had limited application is
the dual-stage optical isolator. Theoretical calculations have
shown that by placing two optical isolators in tandem,
optical performance is greatly enhanced. However, thus far
no high-performance, dual-stage optical isolators have been
built because the optical performance of singie stage isola-
tors have been so poor. Any dual-stage isolator are of
dubious value. While single stage isolators heretofore have
been able to achieve satisfactory optical performances under
a particular set of operating conditions, optical performances
fall off as the operating conditions are changed. This deg-
radation in performance is amplified in a dual-stage optical
isolator.

On the other hand, a high-performance, dual-stage optical
isolator may be achieved with the present invention. With
the combination of the various improvements of the present
invention, a single stage optical isolator having a return loss
of less than —60 dB and isolation of 3040 dB has been
achieved capable of operating under a wide range of con-
ditions. By coupling two of these isolators, as shown in FIG.
4, a high-performance and practical dual-stage optical iso-
lator have been built. Isolation of greater than 60 dB have
been attained.

The first stage has a glass ferrule 40A which receives an
input fiber 37. The ferrule 40A is followed by a GRIN lens
41A, first polarizer 42A, Faraday rotator 43A, and second
polarizer (analyzer) 44A. The second stage has a first
polarizer 42B. Faraday rotator 43B, second polarizer 44B
and a GRIN lens 45B. A glass ferrule 46B for an output fiber
38 completes the second stage.

Each stage incorporates the features of a single stage
optical isolator and the improvements of the present inven-
tion. The end face of ferrule 40A of the first stage is
slant-polished along with the end face of the input fiber 37.
The end face of the input fiber 37 is covered by a window
49A which carries an antireflection coating. The first GRIN
lens 41A has its front face polished in a reciprocal slant to
the end face of the ferrule 40A. All of the faces of the
elements of the optical isolator, including both front and
back surfaces of the GRIN lens 41A are coated with anti-
reflection material.

In the second stage of the optical isolator, including the
first polarizer 42B, rotator 43B and second polarizer 44B,
the GRIN lens 45B (of (.23 pitch) combines to refocus the
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collimated ordinary and extraordinary light rays to a point
on the end of the output fiber 38. As explained previously

regarding single stage optical isolators, a window 49B
covered with anti-reflection material is mounted over the
end of the output fiber 38 in the sleeve 46B. The opposing
faces of the GRIN lens 45B and the sleeve 46B (and end of
the output fiber 38) are slant-polished at an angle 0, sepa-
rated by a gap G. and aligned in a complementary fashion as
shown in FIG. 4.

Finally it should be noted that the present invention offers
a dual-stage optical isolator which is much cheaper to
manufacture than a dual-stage optical isolator of present
technology even if the present technology were capabie of
acceptable optical performance. A dual-stage optical isolator
by its very nature contains twice the number of birefringent
crystals for polarizers. With the present invention the advan-
tage in cost savings of lithium niobate is multiplied.

While the above is a complete description of the preferred
embodiments of the present invention, various alternatives,
modifications and equivalents may be used. It should be
evident that the present invention is equally applicable by
making appropriate modifications to the embodiment
described above. Therefore, the above description should
not be taken as limiting the scope of invention which is
defined by the metes and bounds of the appended claims.

What is claimed is:

1. In an improved optical isolator for optical fibers having
a first sleeve for holding a first optical fiber, a first GRIN
lens. a first polarizer, an optical Faraday rotator, a second
polarizer, a second GRIN lens and a second sleeve for
holding a second optical fiber, the improvement wherein at
least one of said polarizers comprises a birefringent crystal
of lithium niobate.

2. The improved optical isolator as in claim 1 wherein said
first and second polarizers comprise birefringent crystals of
lithium niobate.

3. The improved optical isolator as in claim 2 further
having a third polarizer, a second optical Faraday rotator,
and a fourth polarizer between said second polarizer and
said second GRIN lens, wherein said third and fourth
polarizers comprise birefringent crystals of lithium niobate.

4. In an improved optical isolator having at least one
birefringent crystal polarizing element, the improvement
comprising a lithium niobate crystal as said polarizing
element.

5. In an improved optical isolator for optical fibers having
a first sleeve for holding a first optical fiber, a first GRIN
lens, a first polarizer. a optical rotator, a second polarizer, a
second GRIN lens and a second sleeve for holding a second
optical fiber, the improvement comprising

said first sleeve and said first optical fiber having paraliel

longitudinal axes and coplanar end surfaces, said end
surfaces at a slant with respect to a plane perpendicular
to said longitudinal axes;

said first GRIN lens having a longitudinal axis coincident

with said longitudinal axis of said first optical fiber and
having a surface facing said first sleeve and first optical
fiber, said surface at a reciprocal slant with respect to
said GRIN lens longitudinal axis so that said surface is
parallel with said end surfaces; and

at least one of said GRIN lenses having a length of 0.23

pitch.

6. The improved optical isolator as in claim § further
comprising a window mounted to said end surfaces and
covering said end surface of said first optical fiber. said

window coated with antireflection material.
7. The improved optical isolator as in claim 5 wherein said

first GRIN lens surface is displaced from said end surfaces
by a predetermined gap so that Fabry-Perot interference is

minimized.
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8. The improved optical isolator as in claim 7 wherein said
gap is greater than (.05 min.

9. The improved optical isolator as in claim S wherein said
end surfaces are slanted with respect to said plane perpen-
dicular to said longitudinal axes at an angle in the range of
8° to 12°.

10. The improved optical isolator as in claim S wherein at
least one of said polarizers comprises a birefringent crystal
of lithium niobate. |

11. In an mmproved optical isolator for optical fibers
having a first sleeve for holding a first optical fiber, a first
GRIN lens. a first polarizer, an optical Faraday rotator, a
second polarizer, a second GRIN lens and a second sleeve
for holding a second optical fiber, the improvement com-
prising

said first sleeve and said first optical fiber having parallel

longitudinal axes and coplanar end surfaces, said end
surfaces at a slant with respect to a plane perpendicular
to said longitudinal axes;

a window mounted to said end surfaces and covering said
end surface of said first optical fiber, said window
coated with antireflection material;

said first GRIN lens having a longitudinal axis coincident
with said longitudinal axis of said first optical fiber and
having a surface facing said first sleeve and first optical

fiber. said surface at a reciprocal slant with respect to
said GRIN lens longitudinal axis so that said surface is

parallel with said end surfaces, said first GRIN lens
surface displaced from said end surfaces by a prede-
termined gap so that Fabry-Perot interference is mini-
mized; and

at lcast one of said GRIN lenses having a length of 0.23

pitch.

12. The improved optical isolator as in claim 11 wherein
said gap is greater than 0.05 mm.

13. The improved optical isolator as in claim 11 wherein
said end surfaces are slanted with respect to said plane
perpendicular to said longitudinal axes at an angle in the
range of 8° to 12°.

14. The improved optical isolator as in claim 11 wherein
at least one of said polarizers comprises a birefringent
crystal of lithium niobate.

1S. The improved optical isolator as in claim 11 further
comprising

said second sleeve and said second optical fiber having

parallel longitudinal axes and coplanar end surfaces,
said end surfaces at a slant with respect to a plane
perpendicular to said longitadinal axes;

a second window mounted to said end surfaces and
covering said end surface of said second optical fiber.
said second window coated with antireflection mate-
rial;

said second GRIN lens having a longitudinal axis coin-
cident with said longitudinal axis of said second optical
fiber and having a surface facing said second sleeve and
second optical fiber, said surface at a reciprocal slant
with respect to said second GRIN lens longitudinal axis
so that said surface is parallel with said end surfaces,
said second GRIN lens surface displaced from said end
surfaces by a predetermined gap so that Fabry-Perot
interference is minimized.

16. The improved optical isolator as in claim 15 wherein

said first and second GRIN lenses have lengths of 0.23 pitch.

17. The improved optical isolator as in claim 15 wherein

said first and second polarizers comprise birefringent crys-
tals of lithium niobate.

8

18. The improved optical isolator as in claim 11 further
having a third polarizer, a second optical Faraday rotator,
and a fourth polarizer between said second polarizer and
said second GRIN lens, further comprising

5  said second sleeve and said second optical fiber having
parallel longitudinal axes and coplanar end surfaces,
said end surfaces at a slant with respect to a plane
perpendicular to said longitudinal axes;

a second window mounted to said end surfaces and
covering said end surface of said second optical fiber,
said second window coated with antireflection mate-

rial;
said second GRIN lens having a longitudinal axis coin-
cident with said longitudinal axis of said second optical
fiber and having a surface facing said second sleeve and
second optical fiber, said surface at a reciprocal slant
with respect to said second GRIN lens longitudinal axis
so that said surface is parallel with said end surfaces,
said second GRIN lens surface displaced from said end
surfaces by a predetermined gap so that Fabry-Perot
interference is minimized.
19. The improved optical isolator as in claim 18 wherein
said first and second GRIN lenses have lengths of (.23 pitch.
20. The improved optical 1solator as in claim 18 wherein
said first, second, third and fourth polarizers comprise
birefringent crystals of lithium niobate.
21. An optical device for collimating light comprising
a sleeve having a longitudinal axis, a first end surface at
a first angle with respect to said longitudinal axis, and
a second end surface at a second angle with respect to
said longitudinal surface, said second angle being
non-perpendicular,
an optical fiber extending through said sleeve from said
first surface to said second surface, said optical fiber

having an end surface which is coplanar with said
second end surface, and

a graded index lens having a longitudinal axis parallel to
said longitudinal axis of said sleeve, said graded index
lens having a first end surface and a second end
surface, said first end surface of said graded index lens
being spaced from and parallel with said second end
surface of said sleeve.

22. The optical device as defined by claim 21, wherein
said optical fiber has a longitudinal axis through said sleeve
which is parallel with said longitudinal axis of said sleeve
and with said longitudinal axis of said graded index lens.

23. The optical device as defined by claim 22 wherein the

longitudinal axes are coincident.
24. The optical device as defined by claim 23 and further

including a first layer of antireflective material over said end
surface of said optical fiber and a second layer of antire-
flective material over said first end surface of said graded

index lens.
25. The optical device as defined by claim 24 and further
55 including a pane of glass on said end surface of said optical
fiber, said first layer of antireflective material being on said
pane of glass.
26. The optical device as defined by claim 25 wherein said
first end surface of said graded index lens is spaced from
60 said second end surface of said sleeve by a gap to minimize
Fabry-Perot interference.
27. The optical device as defined by claim 26 wherein said
gap is greater than 0.05 mm.
28. The optical device as defined by claim 26 wherein said
65 second end surface of said sleeve is slanted with respect to
a plane perpendicular to said longitudinal axis at an angle
in the range of 8° to [2°.
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29. The optical device as defined by claim 26 wherein said
graded index lens has a length of 0.23 pitch.

30. The optical device as defined by claim 21 and further
including a first layer of antireflective material over said end
surface of said optical fiber and a second layer of antire-
flective material over said first end surface of said graded
index lens.

31. The optical device as defined by claim 30 and further
including a pane of glass on said end surface of said optical
fiber, said first layer of antireflective material being on said

pane of glass.
32. The optical device as defined by claim 21 wherein said

first end surface of said graded index lens is spaced from

10

10

said second end surface of said sleeve by a gap to minimize

Pabry-Perot interference.
33. The optical device as defined by claim 32 wherein said

gap is greater than 0.05 mm.

34, The optical device as defined by claim 21 wherein said
second end surface of said sleeve is slanted with respect to
a plane perpendicular to said longitudinal axis at an angle
in the range of 8° to 12°.

35. The optical device as defined by claim 21 wherein said
graded index lens has a length of 0.23 pitch.

* * * 0¥
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REEXAMINATION CERTIFICATE

ISSUED UNDER 35 U.S.C. 307

THE PATENT IS HEREBY AMENDED AS
INDICATED BELOW.

Matter enclosed in heavy brackets [ ] appeared in the
patent, but has been deleted and is no longer a part of the

patent; matter printed in italics indicates additions made
to the patent.

AS A RESULT OF REEXAMINAITON, I'l' HAS BEEN
DETERMINED THAT:

The patentability of claims 5—35 1s confirmed.
Claims 1, 2 and 3 are cancelled.

Claim 4 1s determined to be patentable as amended.

New claims 36 and 37 are added and determined to be
patentable.

4. In an improved optical isolator [having at least one
birefringent crystal polarizing element,] comprised of an
input port, a first polarizing birefringent crystal, a polar-
ization rotator, a second polarizing birefringent crystal and
an output port the improvement comprising [a lithium

2

niobate crystal as said polarizing element] ar least one of
said polarizing birefringent crystals being a lithium niobate
polarizing birefringent refracting crystal so located and

oriented within said isolator so that said polarizing bire-
. fringent lithium niobate refracting crystal splits a single
beam so as to produce only two orthogonally polarized
beams when said single beam is launched into said polar-
izing birefringent lithium niobate refracting crystal.
Y36, An improved optical isolator according to claim 4
wherein said i1solator further includes a first optical fiber, a
first sleeve for holding said first optical fiber, a first lens, an
optical rotator, a second lens, a second opfical fiber, a
15 second sleeve for holding said second opfical fiber, and at
least two said polarizing birefringent [lithium niobate
refracting crystals, each said crystal being optically spaced
from the other and being so located such that said opftical
rotator 1s located in an optical path between said two
20 polarizing birefringent lithium niobate refracting crystals.

37. An improved optical isolator according to claim 36
wherein said isolator further includes at least four said
polarizing birefringent [ithium niobate refracting crystals

25 and a second optical rotator, wherein said optical isolator is
a dual-stage optical isolator.
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optical fiber, a first GRIN lens, a first polarizer, a optical
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slant and covering the end with a window coated with
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1
EX PARTE

REEXAMINATION CERTIFICATE
ISSUED UNDER 35 U.S.C. 307

THE PATENT IS HEREBY AMENDED AS
INDICATED BELOW.

Matter enclosed in heavy brackets [ ] appeared in the

patent, but has been deleted and is no longer a part of the ,,

patent; matter printed in italics indicates additions made
to the patent.

AS A RESULT OF REEXAMINATION, I'T' HAS BEEN
DETERMINED THATI:

The patentability of claims 5-35 1s confirmed.

Claims 1-3 were previously cancelled.

15

2

Claim 4 1s determined to be patentable as amended.

Claims 36 and 37, dependent on an amended claim, are
determined to be patentable.

4. In an improved passive optical 1solator comprised of an
input port, a first polarizing birefringent crystal, a polariza-
tion rotator, a second polarizing birefringent crystal and an
output port, the improvement comprising at least one of said
polarizing birefringent crystals [being] cowsisting of a
lithium niobate polarizing birefringent refracting crystal so
located and oriented within said isolator [so] suck that said
polarizing birefringent lithium niobate refracting crystal is
the sole element that splits a single beam [so as] to produce
only two orthogonally polarized beams when said single
beam 1s launched into said polarizing birefringent lithium

niobate refracting crystal.
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